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Abstract
We developed an inexpensive refrigeration system that will operate off-grid through the
use of reclaimed heat from cookstoves. The refrigerator will serve as a reliable storage unit that
will maintain vaccines at a proper temperature range. This report focuses on the various
components that make up our Cool Stove project. The overall system and subsystems are laid out
and explained. We also address the reason why we believe this project will be beneficial to
individuals in developing countries. In addition, we provide detail on the work that we have
accomplished and on the results that we have achieved. We created a system capable of
transferring enough heat for a limited time, and that we were able to provide cooling to the
refrigerator. Included in this repmt are also future considerations that we believe will improve
our design, for example, adding more heat pipes to the system. One last pmt that we provide are
the specifications of our project, it has all the information that is needed to understand the scope
of the project and its different requirements.
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Chapter 1: Introduction
1.1 Background & Motivation
In developing countries, it is extremely hard to get a reliable source of energy to
adequately power any type of refrigeration system. Unreliable refrigeration is one of the many
problems that disproportionately affect developing countries. Not having access to adequate
refrigeration leads to food being improperly stored, which in turn causes it to spoil and spread
disease. On top of that, if vaccines are not able to be stored at the proper temperatures, they will
also lose potency and prevent disease control.

hllp:/lwww bbc com/news/hea/th-34764882

Figure I . I: Meningitis Vaccination in Africa

In the research that we did to fmd relevant literature, we came across a book titled

"Spoiled: Why Our Food Is Making Us Sick and What We Can Do About It " by Nichols Fox. In
the book, Fox mentions that foodborne illnesses, which were previously recognized by cramps,
vomiting, and diarrhea that often occuned 2 to 6 hours after eating the contaminated food, now
no longer affect an individual right away, so people can go days spreading the illness while not
treating it. Furthermore, he also says that having appropriate refrigeration allows for proper
storage of the food, reducing the probability of a foodborne illness. This highlights that providing
people with a good, reliable, refrigeration system can significantly lower the chances of them
contracting a foodborne illness. Another book we found is titled, "Access: How Do Good Health

Technologies Get to Poor People in Poor Countries?" by Laura J. Frost and Michael Reich. It
talks about how contracting a foodborne illness causes a lot of hardships to families in rural

1

environments. For example, they say, "social research in China (and elsewhere) has shown that

ill health of one member can drive a family deep into povetty." This illustrates that when one
individual becomes sick, he can no longer work, and that usually affects the entire family.

1.2 Literature Review
Absorption Refrigeration Cycle

The absorption refrigeration cycle is an alternative to compressor based refrigeration. It
uses heat and absorption characteristics rather than a pump as the main driver for the
refrigeration process. Commercial absorption refrigerators operate using the Platen-Munters
process. This process most commonly uses a unit charged with water, ammonia, and
hydrogen. The unit uses the combination of a boiler, condenser, evaporator, and absorber to
produce refrigeration. This process is visually explained in Figure 1.2.

HE GAS REFRIGERATOR
Diagram of operating unit placod outsido of box for clarity.
Wall of rofrigorator

Hoat causos ammonia gas.
wator vnpor, and a woak
solution of i'lmmonia to go ·
into tho SEPARATOR (just
liko a percolator).
Wator flows into th
ABSORBER.

monia.
In tho EVAPORATOR coil s. in contact with hydrogen it changos
to a gns and absorbs hoat.
Tho gas roturns to tho ABSORBER and is dissolvod in wator and
ropoals tho cyclo.
Tho hydrogon is not dissolvod but roturns to tho EVAPORATOR.

Figure 1.2: Absmption Refi·igeration Cycle Explanation 1
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Existing Off-Grid Designs and Limitations
There are various projects that focus on creating absorption refrigeration systems
stimulated by thermal cycle that are not dependent on electricity. One of the leading cycles
involves using a solar-thermal system that concentrates solar radiation onto a specific surface to
be heated. This heated surface then transfers the heat to a working fluid that cycles into the
absorption chiller system (in this case, Ammonia gas based), and cools down the unit once the
chiller's fluid has reached a desired heated temperature. Although this project has a control
system implemented to track the sun throughout the day and ensure maximum exposure, it failed
to reach high enough temperatures to operate the chiller2. One of the main reasons for this lack of
heat exchange was due to the small surface area that made contact with the chiller for the heat
exchange. Also, the system needed electricity to operate the tracking controller, and for the pump
to circulate the working fluid.
A prototype that was operated in 1992 (Papua New Guinea) actually tested a very similar
concept to the Cool Stove design. This prototype refrigerator used reclaimed heat from a
charcoal or biomass stove using a thermo-syphonic cycle with a working fluid to be heated. The
cooling unit consisted of a water-ammonia generator tube in contact with the working fluid cycle
that transmits the heat from the stove fire. With the intent to provide an efficient refrigeration
unit suitable to store food, the cooling unit was bought from a manufacturer, but modified to
work with the charcoal stove heating cycle. The evaporator in the water-ammonia system was
able to operate at the lower temperature range of 170°-180°C. This refrigerator was able to
maintain food at a safe temperature below 5°C, for a span of 24 hours by using biomass locally
available as fuel to the stove fire. The main limitatio·n with this prototype were the slow time
rates at which the absorption chiller began to operate. Preliminary testing showed that the system
took 4 hours to heat up to the working temperatures, and followed by 7 hours to drop the fi'eezer
temperature from room temperature to 0°C. Under these conditions, it would be difficult to
provide a reliable cooling unit for extended periods of time without constant fuel source

3

.

Other Solutions (Solar)
A group of Japanese engineers tested two different types of heat exchangers on their
newly developed solar absorption chiller. They focus on utilizing solar thermal energy because it
3

has two main advantages: it is the largest source of renewable energy and it has the high
conversion efficiency. One of the heat exchangers they tested was a pool boiling type. Pool
boiling is essentially when the heating surface is submerged in a vast body of stagnant liquid.
The other kind is falling film kind, where the evaporation occurs inside ve1tical tubes and then,
due to gravity, the condensate falls down creating a film around the entirety of the tube. The
engineers then analyzed the heat transfer performance for the two types of heat exchangers.
Their results indicated that the falling heat exchanger was better. It was able to utilize 75 degree
Celsius hot water which is typically hard for a conventional absorption chiller. This ruticle is
relevant because it has to do with the different kinds of heat exchangers that exist and how some
are better than others4 .

Improvements to Existing Systems:

The absorption refi'igeration process is able to achieve similar cooling to the normal
refrigeration process. However, the absorption refrigeration process is considered to have low
efficiency when compared to normal refrigeration methods. Due to this gap there is a lot of
research into the improvement of absorption chillers. It was found that generator driving
temperature and cooling water temperature have a strong influence on the COP of absorption
cooling. By using a geothermal sink, it was found that the COP of the system could be improved
by up to 42% 5. It was also found that the working fluid of the system was extremely important
in the operational behavior of the system. By introducing AL203 Nanoparticles into the
working fluid it was observed that the system had better absorption of heat and faster
evaporation of the cooler. Additionally, shorter heat transfer period allowed for a reduced
operating time resulting in the ability to achieve the desired temperature faster6. People in
developing countries would have to burn less fuel in order to keep their fridge cool if these
improvements were properly implemented into our project.

1.3 Problem Statement

Unreliable refrigeration is a problem that dispropmtionately affects those living in
developing countries. Inadequate refrigeration leads not only to the improper storage of food but
also to the loss of potency for vaccines. If vaccines are not kept at the proper temperature range,
4

they can become compromised. We aim to develop an inexpensive product that can reliably
provide individuals living in off-grid communities with adequate refrigeration for vaccines.
1.4 Problem Solution
Om proposed solution is to develop an inexpensive refrigeration system that will operate
off-grid through the use of reclaimed heat from cookstoves. This refrigerator will serve as a
reliable storage unit that will maintain vaccines at a proper temperature range. To create our
refrigeration system, we have used an absorption chiller which, unlike traditional refrigerators,
does not run exclusively on electricity and can instead be driven by thermal energy input. Our
efforts have focused on experimenting with a variety of heat exchanger designs utilizing heat
pipes and thermosyphon systems as heat transfer mechanisms to go from cookstoves to the
absorption chiller unit.

5

Chapter 2: System Level Analysis
2.1 Customer Needs
In order to meet the consumer's needs, our refrigerator must attain a low enough
temperature to keep items properly refi'igerated, it must maintain the low temperature for an
extended time, and it should do all this while remaining cost efficient and safe. Safety is key for
this project since we are dealing with high and low temperatures. Since our project is aimed for
off-grid communities, we must ensure that our fridge can withstand the rural environments it will
be exposed to.
Rwanda:

Potential consumers for the project are the health care centers established by PICO
(People Improving Community through Organizing) International and John Rutsindintwarane.
PICO International has worked through its main health center in Kigali, the well developed
capital city of Rwanda, to implement satellite health centers in the extremely impoverished
villages that make up Rwanda. A main goal of the Rwandan government is to provide all of
Rwanda with reliable electricity within the next 5 years. However, these villages will remain
without any power for those five years. This customer needs a temporary, yet reliable,
refrigeration solution to provide to these villages until adequate electricity can be developed.
These refrigerators must be able to hold temperatures in the range of 2-8°C for insulin and other
refrigerated vaccines. The refrigerators must also be lightweight and compact to be easily
transpmted to the remote locations in Rwanda.

http:/l mashab/e.com/2015104120/eco=oom-cookstoveslllgNNQ8R6 WzBaS

Figure 2.1: Rwandan woman using a cookstove
6

Mexico:

Another potential consumer is Amor Industries in Mexico. They are a non-profit
organization that works with a network of pastors in Mexico to build houses for the poor. The
refrigerator must be lightweight, affordable, and appealing to this network of pastors to distribute
to their communities. The refrigerator will need to be capable of extracting heat from wood and
coal fires, which are the main source of energy for cooking in Mexico. The product must be
durable and resilient to withstand several years of use in their communities. Finally, the
refrigerator must be able to store both vaccines and perishables to appeal to this demographic.

2.2 System Level Requirements
The product has many requirements that it must meet. In terms of performance, the
refrigeration unit must efficiently transfer energy from the heating source to the boiler of the
absorption chiller, and have a low temperature dissipation rate from the sealed refrigerated
compartment. The production cost must be low to ensure low unit costs in developing
communities; the weight and size of the unit should be low to ensure easy and affordable
shipping or transpmtation to remote locations. The system must be resilient, with a long product
lifespan and high reliability, to have the benefits outweigh the cost. Safety is of high importance
for this product. It must be safe to use, must remain safe if damaged, and provide reliable
temperature to ensure that the contents inside are refrigerated appropriately. Finally, the system
must be both ergonomically and aesthetically pleasing to the user. This is impmtant in making
sure that the product will actually be used when implemented by the customer. Some of the
system level requirements and their values are tabulated below (Table 2.1).
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Table 2.1: Key System Level Requirements
SPECIFICATION
Internal Temperature Range of
Refrigeration Comprutment

TARGET
UNITS VALUE
REASON
2-8

Safe storage temperature

Water separator Temperature

oc
oc

60

Activation temperature

Efficiency

%

10- 15

Temperature Dissipation Rate from
Sealed Refrigeration Compartment °C/hr.

0.050.095

$

75-125

Selling Price

$

100-150

Time Scale

Months 9

Product Cost

Affordable for developing
communities

Customer

Developing countries Non-ProfitOrganizations (NPOs)

Manufacturing Processes

Cost efficient

Size

em

6 l x6 l x76 Portable by one person

Shipping

Ship to developing communities

Disposal

Eco-fi·iendly/reusable patts

Manufacturing Facility

Dynamic & simple, minimal CNC or
computer aided machining required

Politics

Countries' import laws

Market Constraints

Lack of affordability in developing
countries
Kg

Weight

<23

Portable

Maintenance

Minimal

Quality & Reliability

Can reliably reach temperature &
meat product life expectancy

Shelf Life Storage

Years

15

Product Life Span

Years

10

Life in Service

Years

10

2.3 Key. System Level Needs

Our team considered three conceptual heat exchanger designs with the potential to
operate the absorption chiller refi·igerator: a circulation pump design, a fire placement
8

underneath the refrigerator, and a heat pipe heat exchanger design. Simultaneously, our team
identified three key requirements that the design should fulfill in order to remain within the
scope of this project. One the entire system must be completely off-grid, or in other words,
operate without any use of electricity. Two, the design should include one, or more, safety
components to limit dangers that come with the use of high temperatures, high pressures, and
hazardous chemicals. Lastly this design should also include some way of regulating the
temperatures transferred from the heating source to the absorption chiller system. Using these
three requirements as criteria, our group decided that the heat pipe exchanger design was the
only conceptual design that fulfilled all three requirements as shown in Table 2.2. This
knowledge served as a starting point to fmther develop potential heat exchangers that also met
these three requirements.

Table 2.2: Criteria for the Conceptual Designs
Circulation Pump

Fire

Heat Pipes

Off-grid

No

Yes

Yes

Safety Features

Yes

No

Yes

Temperature Regulation

Yes

No

Yes

2.4 Design Concept
The product is designed to be used by either a healthcare facility or an ordinary
individual in a developing country without access to electricity. The operator must first set up the
unit with the heat exchanger placed within the heating source (wood fire/coals/etc.). When the
operator uses the heating source for everyday activities such as cooking and
pasteurizing/purifying water, the heat source heat exchanger will absorb heat and transfer it to an
internal heat transfer fluid. The heated heat transfer fluid will travel along the heat transfer pipe
9

and release the heat at the boiler heat exchanger. As the boiler heats up, the working fluid will
become active and statts the absorption refrigeration process in the chiller. This process will
lower the temperature inside the refrigeration compartment. The refrigeration compat1ment can
be accessed by the operator by a door located on the front of the unit. Refrigerated goods can be
stored inside the refrigeration compartment and kept at a desired temperature. An "initial burn"
of the heat source will be required to get the refrigeration compartment's temperature to the
desired range. Shmter heating times will be used to maintain the desired temperature range. A
design concept diagram is provided for reference (Figure 2.2).

Water Separator
(Used as gauge for
performance)

Refrigeration
Compartment

Heat Transfer
Pipes

Heat Block
Heat Exchanger
Absorption
Chiller Unit
Heating
Source

I1UpJ/IO 1.1 ,llunt~:.comltmg/pb/283171213801380722283 .SG7.Jpg

hllp:/1\'N/W.clke-r com/clfp<utVK/U6/8/Vnlhrcplace-md png

Figure 2.2: Design Concept

2.5 Functional Analysis
Functional Decomposition
Produces· refrigeration from thermal energy
Maintains contents at a temperature range of2-8°C
Stores items to be refrigerated
Refrigerated items can be inserted and removed from the refrigeration compartment
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Inputs
Thermal Energy

•

Constraints
Resilient
Affordable [Under $150]
Safe
Under23 Kg
Reliable Refrigeration
Under 61 x 61 x 76 em
Easily Shipped
Temperature Dissipation
of Sealed Compartment is
less than 0.095°C/hr.

Outputs

Refrigeration
~

[2-8°C]

..,.

Internal
Temperature
Readout

Figure 2.3: System Inputs, Outputs, & Constraints Diagram

2.6 Benchmarking Results

In the development of the Cool Stove refrigerator, it was important to research similar
products to set target values for the design. It was decided to use a Norcold N323 as a benchmark
for comparison (see figure 2.4). This unit was chosen as it is similar in size to the Cool Stove
refrigerator and comes from one ofthe major suppliers of recreational vehicle (RV) absorption
refrigerators. The Cool Stove was designed to meet or outperform most of the benchmark values
held by the Norcold N323.

Norcold N323

Dimensions: 52.4 x 44.5 x 54 cm7
Weight: 27.7 kg8
Interior Volume: 76.5 L 8
Power Consumption: 168 WAC, 140.4 WDC 7
Guaranteed Product Life: 1-year warranty9
Heating Source: 12 VDC, 120 VAC, Pilot Light [Propanef
$619.85 -$943.49 [Amazon] 9
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Figure 2.4: Norcold N323 Refrigerator

2. 7 System Options

Heat Pipe Heat Exchanger
This design will use heat pipes as a means of transferring heat from the cook stove to the
boiler column. This design is not gravity dependent, which is why we can have it horizontally
configured (see figure 2.5). The evaporator side of the heat pipe will be insetted in the cook
stove and cause the working fluid inside to evaporate and flow towards the condenser side where
it releases its latent heat and condenses back to a liquid and, through the wicking structure, flows
back to the evaporator side where it continues the cycle (see figure 2.6).

12

Figure 2.5: Heat Pipe Horizontal Heat Exchanger CAD

...

Heat out
Heat In

4-

11

t

Tube
Liquid flow

Figure 2. 6: Heat Pipe Concept
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Thermosyphon

The thermosyphon system will include two different heat exchangers. One will be placed
on the heating source itself and the other will be placed on the refrigerator boiler column. It is
gravity dependent so we would have to build a stand for our refrigerator to sit on so that it
remains elevated above the heat source heat exchanger (see figure 2. 7). This design proved to be
the best based on the concept scoring matrix.

13

Absorption
Chiller Boiler

Boiler Heat
Exchanger

Figure 2. 7: Thermosyphon Conceptual Sketch
Cook Stove Heat Exchanger

The snake-like coils of the heat exchanger will rest on top of the fire pit above the fire
(Figure 2.8). The grill is placed above the copper piping without making direct contact. The
system then connects to the absorption refrigerator boiler column.

14

Figure 2. 8: Cook Stove Heat Exchanger

Evacuated Solar Tubes

This design utilizes a copper heat pipe at the core of an evacuated tube. The evacuated
tube absorbs radiation from the sun and transfers the heat into the heat pipes. The heat pipe in
turn transfers heat to a passively circulated fluid system (see figure 2.9). This design would
provide a constant heat source when heat from a stove is not available, an evacuated solar tube
can provide heat during the daytime to speed up the process or maintain a higher temperature for
the working fluid. This device must be installed outdoors or potentially on a roof to maximize
exposure to sun rays.

Figure 2.9: Solar Tube Heat Exchanger Conceptual Sketch 11
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2.8 Tradeoffs
After consideration of all designs and consulting the concept decision matrix (Appendix
C), we were able to determine which designs would work the best for our purposes. The heat
pipe exchanger was used as a baseline in making comparisons. This design was chosen as the
baseline because it was the first design we came up with. When we compared the cook stove heat
exchanger with the baseline we found that it would cost less to build the cook stove heat
exchanger. The two designs also had the same safety rating so that was not a big deciding factor.
The evacuated tube array would cost more to build than the baseline but it will have a better
temperature difference. With this result we decided that the evacuated solar tubes would be more
of a reach goal since they are not necessary for our purposes. The solar tube will also cost more
to build than the baseline and it will be heavier compared to all the other options. The
thermosyphon design has the same safety rating as the baseline but has a higher temperature
difference rating. This design is also a third of the cost of the baseline while also being more
resilient. With the information provided by the decision matrices we came to the conclusion that
the thermosyphon design and the heat pipe design would be tested. The evacuated solar tube
design was set as a reach goal, time permitting, but ultimately was never tested as iterations to
other designs took precedence over this design.

16

2.9 System-Level Design
Our design consists of three hierarchical levels of systems and subsystems. The top level
contains the completely assembled Cool Stove absorption refhgerator unit. The completed unit
can be broken down into three main subsystems: absorption chiller, heat transfer system, and
refrigerator unit/compartment. The absorption chiller (Figure 2.1 0) is the ammonia, and water
charged unit attached to the refrigerator that contains the absorption cycle. It consists of a boiler,
an evaporator, a condenser, an absorber coil, an absorber vessel, a gas heat exchanger, a vent
pipe, a liquid heat exchanger, and a water separator.

Absorption refrigerating unit
system Platen - Munters

cap1Fig5.<:dr

evaporator

-1
I
I
I
I
I
I
I
I
I
I

absorber coil
as heat
exchanger
vent i e

~-absorber vessel

rich ligC'-'ui"d:-:---1
"'
weak liquid

·~~==t=f~l

Figure 2.10: Absorption Rejhgerator Unit Subsystem Breakdown 12

The heat transfer subsystem is comprised of a heat exchanger in contact with the boiler
on the absorption chiller, a heat exchanger interacting with a heating source, and a heat transfer
system connecting the two heat exchangers. The refrigerator compattment is the refrigerator box
that houses the food and vaccines. It can be broken down into three main subsystems: wall
insulation, access door, and storage shelves.

17

Figure 2.11: System Level Design
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2.10 Team and Project Management
Project challenges

A major challenge that we have faced is getting in touch with companies to determine a
concrete costumer. This makes it difficult to style the product because we do not know exactly
where we will be implementing the units. Also, since we do not know the customer, we do not
know the cultural barriers that we may face in terms of aesthetics and usability. A second
challenge that our team has faced is staying on schedule when dealing with extremely slow
bureaucratic processes for equipment acquisition and safety approval.

Budget

We received full funding for our project from the Roelandts Grant and the School of
Engineering. Our budget is adequate for the tasks we want to accomplish with this project and
was easy to stay within. The breakdown of the funding we have received can be found below.

Table 2.3: Funding Sources
Source

Amount

Roelandts Grant

$1,600

School of Engineering

$686.50

Total Amount

$2,286.50

Time line
The timeline provided below gives a breakdown of the main tasks that we set for
ourselves during the project lifespan. We have kept on track with our timeline with the exception
of the Duratherm test, which was delayed due to leaks and safety constraints and ultimately
abandoned. The physical manufacturing and testing of our device was somewhat delayed at the
beginning of the project timeline due to the necessity to conduct further research to understand
each of the main components of this project. The Gantt chart is provided in the Appendix F.
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Table 2.4: Project Timeline
Task

Start Date

Duration

End Date

Problem definit ion

5-0ct

2

7-0ct

Project specifications

5-0ct

2

7-0ct

Research absorption chiller

5-0ct

7

12-0ct

Research heat pipes

7-0ct

7

10-0ct

PDS

10-0ct

3

13-0ct

Roelandts gra nt proposal

11-0ct

7

19-0ct

School of Engineering funding proposa l

18-0ct

5

23-0ct

Restructure PDS

20-0ct

7

27-0ct

Safety protoco l for Don

20-0ct

14

3-Nov

Design testing apparatus

27-0ct

7

3-Nov

Research working fluids

28-0ct

14

11-Nov

Buy insulat ion and container

4-Nov

1

5-Nov

Testing

6-Nov

31

5-Dec

Buy the working fluid

16-Nov

15

2-Dec

Order parts

16-Nov

14

30-Nov

Test each design

4-Jan

26

31-Jan

Heat Pipe Block design

8-Jan

3

11-Jan

Duratherm test build

13-Jan

9

22-Jan

Duratherm test

22-Jan

7

29-Jan

Thermosyphon design

15-Jan

3

18-Jan

Heat Pipe Block bui ld

20-Jan

2

22-Jan

Heat Pipe Block test

22-Jan

3

25-Jan

Thermosyphon design build

27-Jan

2

29-Jan

Thermosyphon design test

29-Jan

3

2-Feb

Prototype final product

12-Feb

19

4-Mar

Troubleshooting buffer

5-Mar

28

3-Apr

Final product

4-Apr

29

8-May
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Design process
The design process was straightforward because our project is a modification of a prior
project. This made a lot of necessary materials and components readily available early in the
design process. The main part that our team had to design was the heat exchanger that we would
use to get the heat from the cook stove over to the absorption chiller's evaporator. That is where
the comparison matrix was useful because it allowed us to compare the six different solutions we
had developed.

Risks and mitigations
A risk that we face with this project is safety. We are attempting to create an absorption
chiller that runs solely off reclaimed heat. This means that a fire will be close to our fi·idge and, if
anything is leaking or not sealed correctly, extreme hazards and injury are a likely risk. We can
ensure that this does not occur by checking that all our seals are working properly and that no
leaks are present. This is especially impmiant because we are using a working fluid other than
water. Temperature fluctuations on enclosed systems also have pressure fluctuations that can
become dangerous if any system becomes over-pressurized with the potential to burst. The
working fluid Duratherm, poses a major risk due to its flammable nature when exposed to
temperatures above its flashpoint. In general, safety equipment such as shielding (wood boards
or bricks) and extinguishing mechanisms in case of fires should be available within reach in case
of emergencies. The implementation of thermocouples for temperature regulation is an essential
tool to prevent unsafe fire and refrigeration temperatures. Lastly, the design needs to be rugged

in order to survive exposure to extreme weather and rural conditions.

Team management
The team was split up so that everyone had a couple of responsibilities. The chart below
illustrates individual responsibility:
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Table 2.5: Team Member Responsibilities
Paola

Eduardo
Team Leader

Recorder/Time Keeper

Facilitator

Weekly Activity Report

Devil's Advocate

CFO

In addition to spreading out the responsibilities, we also created a code of team conduct in which
we laid out a couple of ground rules regarding what is expect from one another.
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Chapter 3: Subsystem Analysis
3.1 Absorption Chiller
The absorption chiller is the main subsystem for the Cool Stove refrigerator. It is the
system that converts the external thermal energy to refrigeration within the unit. This is achieved
through an absorption cycle. In this cycle, an ammonia-water solution is boiled allowing the
ammonia to travel through a condenser, evaporator, and multiple heat exchangers causing a
pressure drop. This pressure drop produces a temperature differential which is captured inside
the refrigeration compartment. The main requirements of this system are that the boiler be
accessible to a heating source and that the evaporator be exposed to the refrigerator
compartment. In addition, the absorption chiller must be vacuum sealed and protected from
potential damage.
There were two main options for absorption chillers: Single stage and two stage
absorption chillers. A single stage absorption chiller consists of a single evaporator that keeps the
entire refrigeration compartment at a constant temperature. The two stage absorption chiller has
two evaporators that can keep isolated refrigeration compattments at different temperatures.
There are a few main tradeoffs that come with these two options. A major tradeoff between the
two systems is complexity. A two stage absorption chiller is more complex and thus costs more
and is more difficult to maintain. While the single stage may be less complex, it is both more
efficient and reliable. A two stage absorption chiller takes much longer to reach steady state and
thus requires more fuel being burned by the user. The main advantage of a two stage absorption
chiller is the ability to hold compartments at two different temperatures. A more in depth
comparison of these two designs can be found in the selection matrix in the appendix.

3.2 Heat Transfer System
The role of the heat transfer system is to direct thermal energy to the boiler column of the
absorption chiller. The requirements of this system are that it must absorb thermal energy from
an external source and release thermal energy into the ammonia within the boiler. These
requirements must be done in a safe and reliable fashion that can be operated off-grid in a rural
region of a developing country.
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Originally there were five heat transfer system concepts for the Cool Stove refrigerator:
the heat pipe block design, heat pipe ring design, thermosyphon design, solar tube design, and
cook stove heat exchanger design. The heat pipe block design utilizes heat pipes, evacuated
copper tubes with an internal fluid and wicking structure, as a heat transfer device that absorbs
heat from a fire and dumps the absorbed heat into a heat exchanger block attached to the boiler
column. The heat pipe ring design also uses heat pipes as a heat transfer device that runs along
the boiler column in a ring formation to release thermal energy. The thermosyphon is similar to
the heat pipe design except that the system is gravity operated due to its lack of a wick. The
solar tube design uses evacuated solar tubes to store thermal energy to be transferred to the boiler
through heat pipes. The cook stove heat exchanger is made of copper tubing and consists of an
internal heat transfer fluid that absorbs heat from a fire as it passes tlu·ough the heat exchanger.
There are many trade offs with these designs. The heat pipe block design is the simplest design
to manufacture but also lacks the ability for maintenance. The heat pipe ring has a slightly larger
heat transfer area than the heat pipe block, but it is less efficient at pumping the internal fluid
since the heat pipes are both vertical and bent. The thermosyphon is cost efficient and allows for
a large heat transfer area, but it is gravity dependent and must remain vettical to operate. The
solar tubes can work as a constant heat source as long as they are in contact with the sun,
however they are more fragile and expensive than other solutions. The final design of the cook
stove heat exchanger would provide the most efficient heat transfer, but requires active fluid
circulation as opposed to passive fluid circulation like the other systems. A more in depth
comparison of these designs can be found in the selection matrix in the appendix.

3.3 Refrigeration Unit/Compartment
The refrigeration compartment serves the purpose of containing the refrigeration and
storing contents that need to be refrigerated. The refrigeration comprutment is required to
maintain an internal temperature of 2-8°C and store the contents that the user needs refrigerated.
The user must also be able to access, insert, and remove refrigerated contents freely. The
refrigeration compartment must be able to stay within the desired temperature range for an
extended period of time when the system is not in operation.
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There are four main designs that will make these goals possible. The first design for the
refrigeration compat1ment consists of placing a door on the front of the compartment. This
allows the user to access the contents of the fridge at any time. The downside to the door is the
introduction of poor seals that allow cold air to escape and hot air to enter the compartment. The
second design is air tight seals. If the door and the rest of the compa11ment are created with
airtight seals, it will allow the fridge to hold its temperature for much longer without being
affected by external influences. Another design includes the use of shelves to organize the fridge.
The shelves may keep the user from storing larger objects. Finally, insulation is an extremely
important aspect for the operation of the refrigeration compartment. Insulation will help keep the
inside of the compat1ment cool no matter what conditions are outside the refrigeration
compartment. The problem with insulation is the amount of space that it takes up which could
make the fridge bulkier than desired. Therefore, it is necessary to find the proper balance of size
and efficiency brought forth by added insulation.
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Chapter 4: System Integration
4.1 Absorption Chiller and Heat Pipe Testing
In order to obtain some preliminary data on the absorption chiller used in our design, the
refrigerator was connected to a 11 OV outlet using a Kill A Watt meter to determine the power
consumption during regular operation. The average power consumption for the Dometic
Absorption Refrigerator was 85W.

Figure 4.1 : Dometic Absmption Refrigerator Used for Testing

This absorption chiller refrigerator came equipped with an electrically powered heating
plate connected to the boiler column. The temperature for this heating plate was recorded along
with the thermal behavior of the water separator, and the cooling compartment to determine the
temperature versus time behavior of the entire system. Using the temperatures at the water
separator section, it was determined that the refrigeration began to activate its cooling process
when this temperature reached 60°C. After 4 hours of operation, the cooling compartment
managed to drop below 7°C which falls within the safe target temperature (Figure 4.2).
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Figure 4.2: Thermal Behaviorfor Absorption Refrigerator Plugged into a JJOV Outlet

4.2 Circulation Pump Testing
The intent for the circulation pump test was to replicate the conditions to activate the
absorption chiller unit through an external heat exchanger system. In order to provide heat to the
boiler column of the absorption unit, Duratherm 600 was used as the circulating working fluid
heated up by a regulated circulation heater as shown in Figure 4.3. A PID controller was used to
regulate the Duratherm 600 temperatures that would circulate through a copper coil around the
boiler column. After running a 2-hour test, the working fluid temperatures plateaued at 92°C as
shown in Figure 4.4. Temperatures around the boiler column manages to reach 70°C, but this
remained under the activation temperature of 180°C for the absorption chiller unit, as the
refrigerator compartment temperatme remained at ambient temperature throughout the entire
test. It was concluded that, under this setup, the circulation pump test would be unable to reach
the required temperatures to replicate the behavior obtained during the standard operation test.
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(a)
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Figure 4.3: (a)Duratherm 600 Circulation Pump Test (b)Exchanger Close Up at Column
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Figure 4. 4: Thermal Behavior for the Circulation Pump Test
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4.3 Heat Pipe Clamp Testing
A series of iterations were performed using commercial copper heat pipes as the central
component of a heat exchanger transferring heat from a fire source to the boiler of the absorption
chiller unit. The first test focused on evaluating the thermal response of individual heat pipes
when placed into a fire source, in this case we used a gas grill to have a higher temperature
control during testing. Thermocouple sensors were attached to the head of 2 heat pipes and the
back ends were placed over the gas grill as shown in Figure 4.5.

Figure 4. 5: Heat Pipe Thermal Response Test

Temperature readings for both heat pipes and fire source were recorded for over 90
minutes as we periodically increased the fire temperatures. During the first 20 minutes, one of
the heat pipes gave significantly higher temperature readings, but soon after, both heat pipes had
almost identical responses to the fire and managed to safely reach a temperature of 150°C. The
maximum gas grill temperature fluctuated around 300°C (Figure 4.6).
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Figure 4.6: Thermal Behavior/or Two Copper Heat pipes in a Gas Grill

Using the results from the heat pipe testing as perfmmance references, a single heat pipe
clamp (Figure 4. 7) attached to the boiler column was insulated and tested under the same heat
source conditions. Unlike the previous test, the max heat pipe temperatures reached when
attached to the absorption chiller system dropped dramatically to 75°C. The water separator
temperature settled around 30°C (activation temperature needed is around 60°C) and therefore
did not manage to transfer enough heat to begin the cooling process inside the refrigerator
(Figure 4.8).

Figure 4. 7: Single Heat Pipe Clamp
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Figure 4.8: Thermal Behaviorfor a Single Heat Pipe Clamp

Using some of the knowledge about the commercial uses of heat pipes in evacuated solar
tubes and cookers, a rough power calculation was performed to estimate the number of heat
pipes required to provide the necessary 85W to operate the absorption chiller refrigerator. Using
the extended fins in solar cookers as the surface area exposed to solar radiation, and assuming
parasitic losses in the system, a minimum of 5 heat pipes was calculated to provide enough heat
transfer into the the absorption chiller system (Figure 4.9). As a result, three aluminum heat pipe
clamps were machined to hold a total of 6 heat pipes in the system. Additionally, aluminum heat
blocks were used at the back end of the heat pipes to improve the heat distribution from the fire
to the copper heat pipes (Figure 4.1 0).
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Heat Pipe Power Calculation
•
•
•
•

Ideal Heat Pipe Power: P
Solar Radiation: E = 1,OOOW/m 2
Exposed Surface Area: A = 0.04m 2
Parasitic heat loss inefficiency: 11 =%50

1000 W/m 2
0.4m

P = YJ*E *A
P= (0.5)*(1 000)*(0.04) = 20W per heatpipe

NOTE: Required Power to Operate Refrigerator= SSW

:. 2:: 5 heatpipes (ideally)

Figure 4. 9: Heat Pipe Power Calculation

Figure 4.10: Three Heat Pipe Clamp Assembly

In order to ratify the performance of the 6 heat pipe design, a Finite Element Analysis
(FEA) was performed to showcase the thermal behavior from the heat source, through the heat
exchanger, and into the boiler column of the refrigerator. Due to the complexity of our analysis
dealing with multiple 2-phase (gas and liquid state) systems for both the heat pipes and boiler
column, it is very difficult to accurately depict the thermal behavior between the heat exchanger,
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and the boiler column of the absorption chiller. As a result, the FEA was run with varying
conditions until temperature values showed a reasonable behavior along the boiler column. As
shown in Figure 4.11, an initial heat pipe temperature of 150°C managed to reach a water
separator temperature of 65°C, which is just above the activation temperature of the system.
Surprisingly enough, the physical test obtained very similar values, as the heat pipes managed to
reach a max temperature of 136°C, while the water separator temporarily surpassed the target
activation temperature at 63°C. As shown by the green box in Figure 4.12, the refrigerator
temperature had a slight drop of about 3 0 that confirms the absorption system beginning to cool
down the storage compartment.
Temp (Celsiu s)
150.0
142.9
135.9

Water Separator
65 oc

121.7
114.7
107.6
100.5
93.4
86.4
79.3
72.2
65.2

Heat Pipes
150 oc

Figure 4.11: FEA Analysis Between Heat Pipe Clamps and Boiler Column
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Figure 4.12: Thermal Behaviorfor Three Heat Pipe Clamps
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Chapter 5: Pathway to Commercialization
5.1 Cost Analysis
The Cool Stove project utilized a variety of conceptual and physical heat exchanger
designs, all with the same purpose of transferring heat from the fire pit, to the boiler of the
absorption system. As a reach goal, a heat exchanger using solar evacuated tubes was
conceptually designed to provide supplemental heat to the boiler column from solar thermal
energy. Independent of the heat exchanger design, the prototype requires a separate cooling unit
with an ammonia-based chiller system to be retrofitted with each of the heat exchangers. The
final product implements the best performing combination of these designs to fulfill the required
specifications (Temperature, cost, safety, etc.).

Heat Exchanger System # 1: Heat Pipe Clamp Exchanger
The heat pipe block exchanger consists of three main sections: A pipe holder at the base
of the fire pit that will hold and transfer heat to the heat pipes, a scalable set of heat pipes that
lead from the fire holder to the boiler column, and a clamp-like encasing around the chiller's
boiler that will hold, and transfer, the heat into the system. The pipe holder consists of an
aluminum block with slots for the back of the heat pipes, they act as supports, heat distributors,
and hotspot diminishers for safety purposes. The heat pipes were bought from a manufacturer in
order to meet proper and consistent dimension requirements at both ends of the pipes. The boiler
clamp was machined to size out of aluminum in order to tightly hold the leading ends of the heat
pipes, and create enough contact area with the boiler.

Figure 5.1 : Scalable Heat Pipe Clamp Design
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Heat Exchanger System# 2: Thermosyphon Exchanger
The thermosyphon heat exchanger will consist of three main sections: Water container
placed over the fire, piping leading to the boiler, and heat exchanger to the boiler compartment.
The water compattment for the thermosyphon consists of a machined copper block that will
attach to the copper tubing leading to the boiler. The proper fittings and soldering/brazing
techniques will create an ailtight seal between the junctions. On the boiler side of the absorption
chiller, another heat exchanger will be machined to create and encasing around the boiler and
connect to the leading end of the copper tubing, the same process will be followed to create
proper seals (see figure 5.2).

Figure 5. 2: Thermosyphon Exchanger

Heat Exchanger System# 3: Supplemental Evacuated Solar Tube Water Heater
The evacuated solar tube water heater consists of three main sections (as shown in figure
5.3): The solar heater containing the evacuated solar tube and heat pipe components the piping
leading from the heater to the boiler in the chiller, and the encasing around the boiler that will
transfer the heat from the circulating water system. The water heater consists of several
components that include the solar evacuated tubes, heat pipes inside the tubes to collect the heat
from the tubes, a circulating water duct that will be heated by the pipes, an insulating enclosure
around the piping side, and a stand to hold the heater at a desired angle towards the sun. The
piping and casing systems will be made out of copper tubing to make contact and circulate
around the boiler.
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Figure 5. 3: Evacuated Solar Tube Heater

Refrigeration Units:

The refrigerator unit selected is an absorption chiller refrigerator mainly found equipped
in RVs and hotel minibars. Unlike typical refrigerators found in most homes, absorption chiller
refrigerators do not have a compressor, or any other mechanical component and therefore are
completely silent during operation. Multiple Dometic absorption refrigerator units were bought
for the different testing iterations, as well as for the final heat pipe clamp exchanger design. The
modification ofthese units consisted on retrofitting the heat exchanger system to eliminate any
electrical dependency and instead be adapted to our heat exchanger designs. An insulation layer
was added during testing by placing a reflective blanket around the refrigerator to avoid
excessive heat build up from the ambient weather (Figure 5.4).
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Figure 5. 4: Dome tic Absorption Chiller Unit and Reflective Blanket During Operation

Proto"type Cost vs. Budget:

In the initial budget we allotted a cettain amount of money to go towards prototyping,
even after changing our designs and reassessing some of the design parameters we were still
within the amount budgeted. The prototype costs also include all required components to run
preliminary tests using the Dometic absorption chiller with a circulating working fluid and
insulation upgrades. Within the prototyping phase the scope was to accomplish two separate
working prototypes and a supplemental heating element using the evacuated solar tubes.
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Prototype Budget:
Table 5.1: Prototyping Allotment in Initial Budget
Heat Exchanger

$495.00

Welding Material

$20.00

Solder

$20.00

Metal Materials

$400.00

Adhesives

$15.00

Fasteners

$20.00

Working Fluid

$20.00

$360.00

Tests
Fittings

$60.00

Sensors

$150.00

Contact & High Temp.
Materials

$150.00

Total: $ 855.00

Table 5.2: Expected Prototype Costs
Design

Total

Thermosyphon

$51.00

Heat Pipe Clamp

$54.00

Evacuated Solar Tube
Heater

$99.00

Absorption Chiller
Refrigerators

$280.00

Other Testing Materials

$362.00

Total: $846.00

**In-depth breakdown of the cost for each design is is posted in the appendix
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5.2 Business Plan
Potential Markets:
The communities that we identified as most benefiting from a system like ours are rural
Mexico and Rwanda, although, many other developing communities would also be potential
consumers. We would sta1t to sell through global health organizations or local organizations in
the countries themselves. This company will grow by ensuring that the technology gets to those
who need it the most.
Competition:
There cmTently is not a lot of competition in the off-grid refrigerator market Sun Danzer
is one of the few company that sells off-grid refrigerators. They are a company that is also aimed
at storing vaccines and they have created a refrigeration system similar to ours except that theirs
is solar powered. Some of the strengths are that they make industrial type systems meaning that
they have established relationships with their manufacturers and distributors. Some of the
weaknesses are that their products are expensive (~$1000), heavy (150 lbs.), bulky, and solar
powered. The reason that being solar powered is a weakness is because the system depends on
the amount of sun that can be absorbed. Since this is a unique system, there is not much of a
market out there.
Sales/Marketing Strategies:
We will advettise our product by using local organizations in the target communities'
health organizations, and societies like Doctors without Borders and Engineers without Borders.
The advertising will be more word of mouth than media because our target consumers will not
have access to a TV or a computer. The salespeople we use will be prut of a larger system. Since
we are a very small company we will try to have organizations already knowledgeable with the
community help us out in selling our product. Geographic distribution will be to where the
systems are needed the most. For distribution of our system we will use current organizations
that already have roots in the communities help out with delivering this system.
Manufacturing Plan:
A complete Cool Stove system includes all of the necessary storage and heat exchanger
components with the exception of a heat source (cook stoves, fire pits, etc.). Cool Stove is meant
to operate with most absorption chiller units currently found on the market. Quindago Smad
Appliances Co, is an identified supplier capable of supplying the required absorption chiller units
within budget. The second pre fabricated component are the heat pipes commercially used in
solar cookers. Misol Electric can supply these copper heat pipes in three different lengths (40,
140 and 170 em), but most importantly, they provide consistent pipe head dimensions of 14 mm
to be compatible with the rest of the heat exchanger components.
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There are two metal machining components, the Aluminum Clamps, and the Steel
Holders. The metals can be obtained in bulk from OnlineMetals.com at a relative low cost per
square bar stock inch. The manufacturing for these components will be provided by American
Performance Technologies, a local machine shop with CNC capabilities to produce both the
aluminum and steel components to the proper dimensions to fit both ends of the heat pipes.
Lastly, hardware and insulation can be obtained from Grainger also in bulk to reduce the overall
cost of materials. A basic assembly of all prefabricated and manufactured components will be
carried out by the user at the specified communities.
In order to complete an initial order of 500 Cool Stove units, the mass production cost
will range around $100-150 per unit, therefore $75,000 is required to fulfill these initial
manufacturing requirements. The intent is to initially distribute 300 units to hospitals and clinics
without access to electricity in Rwanda and Mexico during year one, while keeping the other 200
units in inventory for future consumers. Adding shipping and storage cost for the first year, a
total investment of $100,000 will kick start the development and ·distribution of the first
generation of Cool Stoves to these target communities. After evaluating the consumer reception
for the first year, Cool Stove has the potential to expand to bigger units for refrigeration of more
than just vaccines. Design modifications can bring Cool Stoves to off-grid households in
desperate need of refrigeration.
Product Cost & Price:
Ahead are the manufacturing and assembly costs for a mass production plan of 500 Cool
Stove units. As shown in Table 5.3, costs for all components may vary depending on the number
of units produced at once. Assuming wholesale costs when producing 500 units, the production
cost can drop under $100 per Cool Stove.
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Table 5.3: Manufacturing and Assembly Mass Production Costs (Based on 500 Units)
Component

· Cost Per Unit

I U.
mts per
Assembly

Cost

Refrigerator

$15-40

1

$15-40

Heat Pipe

$4-6

8

$32-48

Aluminum Clamps (3" sq.)

$2.50/inch

4 inches

$ 10

Steel Holders (2" sq.)

$1.75/inch

4 inches

$7

Insulation & Hardware

$5

1

$5

Manufacturing

$50/hour

0.5 hour

$25

Total Cost per Unit

$94-135

https://www.onltnemetals.com/merchant.cfm?ptd= ll22&step=4&showuntts=tncltes&td=999&top_cat=60

Based on this cost, each Cool Stove unit can be sold for a reasonable price between $150-200.
There will, of course, be other fixed costs such as research and development, facilities,
marketing, transportation, etc. Table 5.4 shows an Income Statement for the anticipated year's
activity using the following assumptions:
•
•
•
•
•
•

Cost per Cool Stove unit: $100
Price per Cool Stove unit: $175
300 units sold
Selling costs: $2,000
Research and Development: $3,000
General & Administrative costs: $4,000

42

Table 5.4: Projected Income Statement for 300 Units Sold in Year One

Year 1 Income Statement

Expenses

I

Revenues

Percentages

I

I

REVENUES

Product Net Sales

Costs of Goods Sold

$52,500

$30,000

Gross Profit

100%

57.1%

$22,500

42.9%

EXPENSES

Selling Marketing

$2,000

3.8%

Research & Dev.

$3,000

5.7%

General & Admin

$4,000

7.6%

Total Expenses

$9,000

17.1%

Net Income

$13,500

25.7%

A total net income of around $13,500 is projected from 300 units sold within a given
year. What is more appealing is the percentage analysis that shows a potential income return of
around 25% which is relatively healthy yield. There are no commercialized absorption chiller
systems that use reclaimed heat from cookstoves, but there are propane powered absorption
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chillers that range anywhere from $100-$500. While the price ofthese chillers is comparable to
the Cool Stove refrigerator unit, our targeted communities would not likely have the means to
obtain and replace propane tanks that would also add to the long-term costs.
Service or warranties:
This system is meant to be resilient and to need very little maintenance. If,
however, the system is damaged, then the individual himself will have to fix the problems
and pay out of pocket for the repair.
Financial Plan and Investor 's Return on Investment:
In order to produce the desired 500 Cool Stove units, assuming the manufacturing costs
between $100-150 per unit, and also adding all other fixed costs to sell our product, an Angel
Investor with similar social goals can provide a sum of$100,000 that will cover all of the
necessary costs for the initial market launch. In Table 5.5, a simple Payback Period Analysis was
performed to project the amount oftime it would take to payback the initial investment amount.
This analysis is based on limiting the first year sales at 300 units, this number is then expected to
increase for the following years as Cool Stove gains recognition in the off-grid refrigeration
market. According to these predicted values, the payback period for the original investment will
occur exactly after a 4-year period of sales, and later proceed to generate a positive running total
revenue for the years to follow.
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T able 5 5 B as1c
. P ay back P eno
. d A na~ys1s
1 .
Year

Cash Flow

Running Total

Notes

-

$100,000

Initial investment

+ $13,500

-

$86,500

First Year revenue (300 units)

2

+ $31,500

-

$55,000

Increased units sold

3

+ $30,000

-

$25,000

Has not broken even

4

+ $25,000

5

+ $20,000

+ $20,000

Positive Profit (decrease in sales)

6

+ $15,000

+ $35,000

Profit on investment

7

+ $12,000

+ $47,000

Profit on investment

0

-

1

$100,000

$0

Break even after 4 years (Payback)

Now taking into account depreciation value of money for future years, the cash flow was reduced
by the cost of capital which in this case, is taken to be 10%. Using a simple compound interest
equation to determine what the present value (discounted cash flow) is for each subsequent year,
the payback period increases from the original 4 years to 7 years under the same expected sale
conditions. Values are shown in Table 5.6.
PV

= FV /(1 + i)n

Where
PV= Present Value (Discounted Cash Flow)
FV= Future Value
i= interest rate or discount rate
n= number or years
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Tabl e 5 6 Pay back P eno
. d Anatys1s
1 . When COSt 0 f Cap1ta
. 1IS
. 1OCY<0
Year

Cash Flow

Discounted
Cash Flow

Running
Total

0

-$100,000

-$ 100,000

-$100,000

Initial investment

1

+$13,500

+$12,273

-$87,727

First Year revenue (300 units)

2

+$31,500

+$26,033

-$61,694

Increased units sold

3

+$30,000

+$22,539

-$39,155

Has not broken even

4

+$25,000

+$17,075

-$22,080

Has not broken even (decreased
units)

5

+$20,000

+$ 12,418

-$9,662

Has not broken even

6

+$ 15,000

+$8 ,467

-$1,195

Has not broken even

7

+$12,000

+$6,158

+$4,963

Break even after 7 years (Payback)

I

, Notes

All of the preceding calculations are mainly based on intermediate manufacturing cost
and projected profit values, as well as a high interest rate to allow for a contingency percentage
that can account for unforeseen setbacks. The initial launch will only deploy 60% of the
manufactured units to allow the research and development team to make any necessary design
modifications to the inventory after the first year pilot launch.
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Chapter 6: Engineering Standards & Realistic Constraints
Economic

Economic factors must be taken into account for our project because our project is aimed
to be implemented in developing countries that do not have access to reliable electricity. Our
system needs to remain inexpensive in order to ensure that it will be inexpensive to buy. One
way we are ensuring that the cost of the refrigerator remains low is that we are testing multiple
heat exchangers to find the one that will most benefit our project. Another aspect we must keep
in mind when making our refrigeration system, is that it must be easy to repair using local
resources. If we make a product that is low in cost but can only be repaired using materials found
solely in the US, then we have not met our goal. This is a product that we do not intend on
making a large profit from, we are aiming to charge the amount that it costs to make it plus
some extra that will go towards research and development. Shipping may affect this but
hopefully we can find an organization that can subsidize the costs when om project gets to the
stage of implementation.

Environmental

Environmental factors are inherently included in our project because our project is meant
to be driven by the heat emitted from cook stoves. This means that we are not using electricity,
bmning extra fuel, or emitting extra pollutants into the air. On the contrary, we are taking
existing thermal energy and converting it into refrigeration. The cook stoves that will power our
re:fi:igerator, however, work off burning wood or coal that release toxic fumes into the air. Even
though our system itself does not directly harm the environment, it needs open flames in order to
work so we are indirectly affecting the environment. What we hope to achieve with this project
is a refrigeration solution for people who need to refi·igerate their vaccines, we hope that this is
only a temporary solution and that in the near futme these communities will have renewable
energy at their disposal.
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Sustainability
Sustainability in this day and age is a very important factor to consider when engineering
anything. For our project specifically, sustainability was impmtant in helping us choose the kinds
of materials we wanted to use in our product. We wanted to make sure that the materials we used
would be easily recycled or reused and not something that would sit in a landfill for years. Also
the intention of our project is to use already existing waste energy and turn it into refrigeration.
We are not using up more nomenewable resources, we are merely doubling the efficiency of a
cook stove fire.

Ethical
Ethics is important to our project because we are creating an absorption refrigerator that
is supposed to maintain a low temperature range. This means that people will trust that the
refrigerator will remain at the temperature range we provide them. Since we are building this
with the end goal to implement it in developing countries for vaccine storage, the refrigerator
needs to maintain those low temperatures. If our refrigerator does not keep the vaccines in the
allowable temperature range, then they will no longer be functional and the refrigerator did not
serve its purpose. We have to ensure that our system is able to work in the way we say it will and
that it will keep those vaccines cold or else we are not being ethical. In order to make sure we are
being as ethical as possible, we must run multiple tests that simulate the environment we are
hoping to implement this project in.

Social
Social factors come into play when you consider the fact that we want to implement this
product in developing countries which may or may not speak English. Not only is there the
possibility of a language barrier, but also a cultural barrier. Their culture may be very different
than ours and that can lead to problems if we are not able to communicate well. We must make
sure that the product we are building does not offend them or else they will not want to use it.
Politics also plays a role in that most of the developing countries do not have a stable
government so that is something else we must consider. We need to make sure that our
refrigerators go to the people who need them the most and not to people who will exploit them.
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Chapter 7: Conclusions
After choosing the heat pipe clamp as our heat exchanger, and running various test
iterations, we were able to create a system that is capable of temporarily transferring enough heat
from a fire to the boiler column of the absorption chiller refrigerator. We were not able to
maintain the high temperatures for an extended period of time due to the fact that a lot of heat is
dissipated before it reaches the boiler column. To combat this issue, we would recommend that
more insulation be used. For improved heat transfer, we would also recommend using another
clamp of heat pipes to make the total number of heat pipes 8 instead of 6. Adding the distributing
blocks on the end of the heat pipes not only allows for even temperature distribution but also
prevents the heat pipes from having direct contact with the fire. Using a charcoal fire will also
allow for more heat to to be transferred from the fire to the refrigerator, but we would
recommend being very cautious when using a charcoal fire because the flames and temperatures
are difficult to control. Another recommendation that we have is to make the heat dissipating
blocks out of steel not aluminum because steel has double the melting temperature than
aluminum. This is important because we used aluminum heat dissipating blocks and towards the
end of our testing we managed to melt off our blocks when we used a charcoal fire. Besides
obtaining our target temperature, we also met our goal of keeping the systems under $150/unit.
After calculating mass production numbers, it was found that our Cool Stove system can be
feasibly priced between $94- $135, which is under the original goal set. We hope that in the near
future another group can pick this project up and continue to improve on our design to obtain
more consistent results. This inexpensive refrigeration system has the potential to help thousands
of individuals in rural areas such as those mentioned in Rwanda and Mexico. Such communities
do not have access to electricity to reliably power a refrigerator. With some further research and
dedication, this refrigeration system has the potential to improve healthcare conditions in these
communities.
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Appendix A: Detailed Calculations
A.l: Required Surface Area Calculation
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A.2: Required Heat Exchanger Height Calculation
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Appendix B: PDS
B.l: Product Design Specifications
PARAMETERS
Elemennts/Requlrements

UNITS

DATUM

TARGET RANGE

PERFORMANCE

4
Celsius
130
Percentage(%) 15

Internal Temperature Range of Refrigeration Chamber

Celsius

Working Fluid Temperature Range
Efficiency

2-8
120-180
10- 15
0.050 - 0.095
140-200

Temperature Dissipation Range from Sealed Refrigeration Chamber Celsius/hour

-

Power Required

Watts

140-200
0.05-0.075
48x45x52
15
0
0.6
0.6
2.5

0
0.6
0.6
2.5

60
100
10 - 15
10-15

50-100
75-125
10
15

Physical Requirements
Storage Volume

Cubic Meter

Size

Centimeters

Weight

Kilograms

Chiller Bottom Clearance

Centimeters

Chiller Side Clearance

Centimeters

Chiller Top Clearance

Centimeters

Chiller Rear Clearance

Centimeters

0.05
61x61x76
<23

Market Requirements
Product Cost

Dollars($)

Selling Price

Dollars($)

Product Life Span

Years

Shelf Life Storage

Years
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Appendix C: Selection Matrices
Table C.l: Heat Transfer System Selection Matrix
Deelgn Project •
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Table C.2: Absorption Chiller Selection Matrix
Design Project=
System•

IAbaorptlon
Cool Stove
Chiller

I
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Table C.3: Refrigeration Compatt ment Selection Matrix
Design Project =

ICool Stove

I
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System= !Refrigeration Compartment
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Appendix D: Budgeting Analysis
Table D.l: Initial Budget Breakdown
Category

Sub-Category

Cost Breakdown

Category Cost

Supplies
$1215.00
Heat Exchanger

$495.00

Welding Material

$20.00

Solder

$20.00

Metal Materials

$400.00

Adhesives

$15.00

Fasteners

$20.00

Working Fluid

$20.00

Tests

$360.00

Fittings

$60.00

Sensors

$150.00

Contact & High Temp. Materials

$150.00

Cooler

$360.00

Insulation

$60.00

Metal Materials

$200.00

Adhesives

$50.00

Fasteners

$50.00

Travel
$0.00
Contracted Services
$700.00
Welding Heat Exchanger/ Cooler

$400.00

Machining Heat Exchanger

$300.00
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Special Events
$0.00
Miscellaneous
$180.00
Absorption Chiller

$150.00

Pump for Working Fluid

$30.00

Contingency 10%
$191.50
Total Cost
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$2286.50

Table D.2: Prototype & Testing Budget Breakdown
leool Stove· Cost Analysis Breakdown
Design

Subsystem

Component

Fire Pit H.Ex

Water Block
Copper Piping !
Copper Fittings
Welding

Thermosyphon

Heat Pipe Block

Per Unit Cost

Quantity

Component Cost

$15.00

1

$15.00

$5.00

1

$5.00

$1.50

4

$6.00

$20.00

1

$20.00

Boiler H.Ex

Insulation

$5.00

1

$5.00

Fire Pit H.Ex

Grill Holder

$5.00

1

$5.00

Heat pipe

$5.00

6

$30.00

Boiler Holder

$5.00

1

$5.00

Copper Fittings

$1.50

6

$9.00

Insulation

$5.00

1

$5.00

Fire Pit H.Ex

Copper Grill

$5.00

1

$5.00

Boiler H.Ex

Coiled exchang

$6.00

1

$6.00

$10.00

4

$40.00

Boiler H.Ex

Solar Tubes
Heat pipe

$5.00

4

$20.00

Stand/Holders

$10.00

1

$10.00

Water Contaim

$10.00

1

$10.00

Piping

$5.00

1

$5.00

$1.50

2

$3.00

Evacuated Solar Tube Heater

Solar Heater

Fittings
Mini Fridge

$100.00

2

$200.00

Absorption Chiller

Cooling Unit

Insulation

$20.00

4

$80.00

Duratherm

$200.00

1

$200.00

I

$51.001

Design Total

I

$54.001

Design Total

I

$99.001
Design Total

I

$2so.oo l

Insulation

$5.00

1

$5.00

Heat Pump Sys Container

$22.00

1

$22.00

$10.00

10

$100.00

Cement Block

$2.50

12

$30.00

Design Tota'i

Sand

$5.00

1

$5.00

$362.ool

Charcoal
Other Testing Materials

Design Total

Fire Pit
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Appendix E: Manufacturers and Suppliers
•

500 Refrigeration units
o Absorption Chiller
• Qingdao Smad Electric Appliances Co., Ltd.
• https://www.alibaba.com/product-detaii/Smaii-XC2-40A-AbsorptionRefrigeratorFridge 580125013.html?spm=a2700.7724838.0.0.Bs2J8u
o Heat Pipes
• Misol Electric
• http://www.amazon.com/MISOL-copper-heater-heatingcollector/dp/BOONATW5BU/ref=sr 1 1?ie=UTF8&qid= 1464055889
&sr=8-1 &keywords=heat+pipes+solar+40+cm
o Aluminum Clamps (EXTRUDED ALUMINUM BARE SQUARE 6061
T6511)
• OnlineMetals.com
• http://www.onlinemetals.com/merchant.cfm?pid=1122&step=4&sho
wunits=inches&id=999&top cat=60
o Steel Holders (HOT ROLLED MILD STEEL SQUARE A36)
• OnlineMetals.com
• http :1/www.onlinemetals.com/merchant. cfm?pid= 10285&step=4&sh
owunits=inches&id=844&top cat=849
o Insulation
• Grainger
• https://www.grainger.com/categorv/plumbing-insulation-pipeinsulation-tapes/ecatalog/N-r6f/Nttinsulation?sst=subset&ts optout=true
o Machining Costs
• American Performance Technologies
• http://www.americanperformancetech .com/
• $50/hour
• http:l/cncmachinisttraining.com/2013/08/16/machine-shop-rateswhats-the-average-hourly-rate/
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Appendix G: Mechanical Drawings
G. I: Heat Pipe Clamp Drawings and Assembly
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